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We introduce time-dependent density matrix renormalization group (tDMRG) as a fully quantum
framework for spin-transfer torque (STT), and apply it to understand if recently discovered quantum
STT in spin valves at ultralow temperature can lead to magnetization reversal. The conventional
Slonczewski-Berger STT—where the magnetization is viewed as a classical vector described by
the Landau-Lifshitz-Gilbert equation—occurs only when spin-polarization of injected electrons and
localized spins are noncollinear. Conversely, quantum STT occurs when these vectors are collinear
but antiparallel, thereby requiring a fully quantum treatment of both electrons and localized spins.
Using tDMRG, we simulate time evolution of a many-body quantum state of electrons and localized
spins, where the former are injected as spin-polarized current pulse from fermionic leads while the
latter comprise a quantum Heisenberg ferromagnetic metallic (FM) spin- 1
2
XXZ chain that can also
be viewed as a Kondo-Heisenberg chain. The quantum STT reverses the direction of localized spins,
but without rotatation from the initial orientation, when the number of injected electrons exceeds
the number of localized spins. Such nonclassical reversal is strikingly inhomogeneous across the FM
chain and it can be accompanied by reduction of the magnetization associated with localized spins,
even to zero at specific locations. This is because quantum STT driven nonequilibrium dynamics
generates highly entangled nonequilibrium many-body state of all flowing and localized spins, despite
starting from initially separable quantum state of a mundane FM, where mutual information between
localized spins at FM edges remains nonzero even at infinite separation as the signature of long-
distance entanglement. The growth in time of both the von Neumann entropy of half of the system
and global entanglement differentiates between quantum and conventional STT.
Introduction.—The conventional spin-transfer torque
(STT) has been at the forefront of basic [1] and ap-
plied [2] research in spintronics since the seminal theo-
retical predictions of Slonczewski [3] and Berger [4]. Its
key requirement is that spin-polarization of conduction
electrons injected into a ferromagnetic metal (FM) must
be noncollinear to FM magnetization, as illustrated in
Fig. 1(b). Thus, it came as a great surprise when current-
driven magnetization dynamics was recently observed at
ultralow T ∼ 1 K temperatures [5, 6] in spin valves
FM-polarizer/normal-metal/FM-analyzer with collinear
magnetizations. Although thermal fluctuations of mag-
netization can create the required noncollinearity in spin
valves (or magnetic tunnel junctions) at room temper-
ature [6], they are frozen at ultralow temperatures of
the experiment in Ref. [5]. Thus, the effect observed in
Ref. [5] was dubbed “quantum STT” [6] and believed to
be dissociated from conventional STT.
The standard model [1] of conventional STT involves
localized magnetic moments Mi, viewed as classical vec-
tors of fixed length, which interact with a nonequi-
librium electronic spin density si, computed by some
steady-state [7, 8] or time-dependent [9] quantum trans-
port formalism, that is fed into the Landau-Lifshitz-
Gilbert (LLG) equation [10]. Thus, in the context of
the quantum STT setup of Ref. [5]—where the conven-
tional Slonczewski-Berger STT ∝ si ×Mi ≡ 0 is identi-
cally zero, as illustrated in Fig. 1(a),(c)—this formalism
based on classical dynamics of localized spins becomes
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FIG. 1. Illustration of three types of geometries of flow-
ing electron spin (blue arrow) with respect to localized spins
(red arrows) within FM-analyzer layer: (a) parallel; (b) non-
collinear; and (c) antiparallel. The conventional STT [1, 3, 4]
is nonzero only in (b), while quantum STT [5] is nonzero
in both (b) and (c). Blue and red arrows represent expec-
tation values of the corresponding quantum-mechanical spin
operators. For conventional STT, red arrows are modeled as
classical vectors of fixed length [1, 9, 10].
inapplicable. Surprisingly, despite a long history of STT,
an established fully quantum-mechanical framework for
coupled dynamics of localized spins and flowing electron
spins, as well as transfer of spin angular momentum be-
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FIG. 2. Schematic view of a two-terminal setup for tDMRG
calculations where 1D tight-binding chain (blue dots) of N =
75 sites, with electron nearest-neighbor hopping γ between all
sites, hosts NFM = 5 localized spins-
1
2
(red arrows) compris-
ing a ferromagnetic quantum Heisenberg XXZ chain. First
NL = 35 sites within the left fermionic lead also include
Nconf = 10 sites where the confining potential V is applied to
Ne ∈ {1, 5, 8} electrons filling those sites. For t < 0, external
magnetic fields Be and BFM polarize electron spins along the
+z-axis or +x-axis and localized spins along the −z-axis, re-
spectively. For t ≥ 0, both magnetic fields and the confining
potential are switched off, so that electrons spread from left
to right, as also animated by the movie in the SM [19].
tween them, is still lacking [5, 6].
A handful of recent theoretical studies [11–13] have
offered insights into possible microscopic mechanisms of
quantum STT. However, they rely on either: (i) a map-
ping of original operators of localized spins to bosonic
operators and additional approximations that do not al-
low to track the time evolution of localized spins once
they deviates too far from the initial orientation set by
the anisotropy axis [11, 12]; or (ii) they consider only one
injected spin-polarized electron [13], which is insufficient
to reverse many localized spins because of demand posed
by spin angular momentum conservation.
In this study, we introduce the adaptive time-
dependent density matrix renormalization group
(tDMRG) [14–17] as a numerical framework capable of
describing quantum and conventional STT on the same
footing. Since this simulation method works directly
with the original quantum-mechanical operators of
the localized spins, it can capture reversal of localized
spins due to STT which is highly sought in spintronic
applications [1, 2, 8]. We demonstrate this by applying
the tDMRG to a one-dimensional (1D) setup depicted in
Fig. 2 where quantum Heisenberg FM spin- 12 XXZ chain
is attached to the left (L) and right (R) fermionic leads
modeled as 1D tight-binding chains of finite length. The
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FIG. 3. Spatio-temporal profiles of electronic (a) charge den-
sity and (b) spin-z density for spin-polarized current pulse
composed of Ne = 8 electrons injected into the FM region in
Fig. 2. The green horizontal lines in both panels mark the
first and the last localized spin of the FM region. Electrons
are initially (t < 0) spin-polarized along the +z-axis, while
localized spins are polarized along the −z-axis. The strength
of sd exchange interaction between electron spin and localized
spins is Jsd = 0.5γ. Both panels are animated as a movie in
the SM [19] for Jsd = 0.5γ and Jsd = 2.0γ.
nonzero electron hopping between the sites of the XXZ
chain means that FM chain models metallic FM-analyzer
layer that is receiving STT. From the viewpoint of the
physics of strongly correlated electrons, this can also be
interpreted as Kondo-Heisenberg chain [18] sandwiched
by fermionic leads, with ferromagnetic exchange inter-
action between both the localized spins and those spins
and 1D electron gas.
The role of the FM-polarizer layer is simulated by fill-
ing the L lead with Ne electrons (one per site), which are
spin-polarized in a desired direction by applying an ex-
ternal magnetic field in that direction. They are also con-
fined into a quantum well for times t < 0, as illustrated in
Fig. 2(a). By removing the confining potential for times
t ≥ 0, electrons spread into the region of the localized FM
moments, as shown in Fig. 3 and animated in the movie
in the Supplemental Material (SM) [19]. This protocol
mimics injection of a spin-polarized current pulse often
employed in STT-operated spintronic devices [1, 2, 8].
Prior to explaining our principal results in Figs. 3–8 for
the STT-driven quantum dynamics of the local magne-
tization across the FM chain, we first introduce useful
concepts and necessary notation.
Model Hamiltonians and methods.—The setup illus-
trated in Fig. 2 is a 1D chain of N sites where electrons
and localized spins are described by the Hamiltonian
Hˆ = Hˆe + Hˆlspins + Hˆe−lspins + HˆV,B(t < 0). (1)
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FIG. 4. Time evolution of the expectation value of first lo-
calized spin S1 = (S
x
1 , S
y
1 , S
z
1 ) and the purity |S1| of its quan-
tum state (gray background) for a different number of injected
electrons which are initially spin-polarized along the +z-axis:
(a) Ne = 1; (b) Ne = 5; and (c) Ne = 8. Panels (d)–(f)
plot average electron spin expectation value, s˜e = se/Ne, and
purity, |s˜e|. The sd exchange interaction between electron
spin and localized spins is Jsd = 0.5γ. Panels (c) and (f) are
animated as a movie in the SM for Jsd = 0.5γ and Jsd = 2.0γ.
The tight-binding Hamiltonian for electrons
Hˆe = −γ
N−1∑
i=1
(
cˆ†i↑cˆi+1↑ + cˆ
†
i↓cˆi+1↓ + h.c.
)
, (2)
operates on all N = 75 sites, where cˆ†iσ (cˆiσ) creates
(annihilates) an electron with spin σ =↑, ↓ on site i. The
nearest-neighbor (NN) hopping parameter γ sets a unit of
energy. Each site hosts one of the four possible electronic
quantum states—empty |0〉, spin-up |↑〉 = cˆ†i↑|0〉, spin-
down |↓〉 = cˆ†i↓|0〉, and doubly occupied |↑↓〉 = cˆ†i↑cˆ†i↓|0〉—
from which one can construct 4N many-body states that
span the Fock space Fe. The operators for the total
number of electrons Nˆe =
∑N
i=1 nˆi and total electron
spin along the z-axis sˆze =
∑N
i=1 sˆ
z
i are given by sums of
local (per-site) charge and spin density operators, nˆi =∑
σ={↑,↓} cˆ
†
iσ cˆiσ and sˆ
z
i =
∑
σ={↑,↓}(−1)σ−1/2cˆ†iσ cˆiσ, re-
spectively. Out of N = NL + NFM + NR sites in Fig. 2,
the first NL = 35 belong to the L fermionic lead and the
last NR = 35 belong to the R fermionic lead. The middle
NFM = 5 sites host localized spins whose mutual interac-
tion is described by ferromagnetic XXZ spin- 12 quantum
Heisenberg Hamiltonian
Hˆspins = −
NFM−1∑
i=1
[
Jz Sˆ
z
i · Sˆzi+1 + J
(
Sˆxi · Sˆxi+1 + Sˆyi · Sˆyi+1
)]
.
(3)
Here Sˆi is the spin-
1
2 operator located on lattice site
i; and the NN exchange interactions between localized
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FIG. 5. Panels (a)–(f) are counterparts of Fig. 4(a)–(f), but
for injected electrons which are spin-polarized at t < 0 along
the +x-axis. This creates a noncollinear geometry of flowing
and localized spins, as required for conventional STT [1].
spins are J = 0.1γ and Jz = 0.1005γ, thereby includ-
ing anisotropy along the z-axis. The 2NFM -dimensional
Hilbert space of all localized spins is constructed as
Hlspins = H1 ⊗H2 ⊗ · · · ⊗ HNFM . Thus, the total Hamil-
tonian in Eq. (1) acts on the space Fe ⊗ Hlspins, where
the interaction between conduction electron spins and lo-
calized spins is described by
Hˆe−lspins = −
NFM∑
i=NL+1
Jsd
(
sˆxi ·Sˆxi + sˆyi ·Sˆyi + sˆzi ·Sˆzi
)
.
(4)
Here Jsd = 0.5γ (movie in the SM [19] shows additional
case with Jsd = 2.0γ) is interpreted as either sd [1]
or Kondo ferromagnetic exchange [18] interaction in the
fields of spintronics or strongly correlated electrons, re-
spectively.
For the purpose of preparing a many-electron spin-
polarized current pulse, we employ the following term
HˆV,B(t < 0) = −V
Nconf∑
i=1
(
cˆ†i↑cˆi↑ + cˆ
†
i↓cˆi↓
)
−
Nconf∑
i=1
gµBsˆi ·Be −
NFM∑
i=NL+1
gµBSˆi ·BFM, (5)
in Eq. (1) which acts at times t < 0 and is used only once
to initialize the system. The first term in Eq. (5) is a
confining on-site potential of magnitude V = 10γ acting
within the first Nconf = 10 sites of NL = 35 sites of the L
fermionic lead, as illustrated in Fig. 2(a). In addition, the
second term in Eq. (5) polarizes, via an external magnetic
field |gµBBe| = 100γ, the confined electrons along the
+z-axis for the collinear setup of quantum STT analyzed
in Figs. 3, 4 and 6(a), as well as in the movie in the
4SM [19]; or spin-polarizes them along the +x-axis for
the noncollinear setup of conventional STT [1] analyzed
in Figs. 5 and 6(b)–(d). The third term in Eq. (5) is
employed to polarize the localized spins along the −z-
axis using an external magnetic field |gµBBFM| = 100γ.
The electron gyromagnetic ratio is denoted by g, and µB
is the Bohr magneton.
For t ≥ 0, HˆV,B ≡ 0 so that spin-polarized conduc-
tion electrons spread out from the region of Nconf sites
and are injected into the FM chain. This process is illus-
trated in Fig. 2(b), while the local charge and spin-z den-
sities are computed numerically in Fig. 3 and animated
in the movie in the SM [19]. Since fermionic leads are not
semi-infinite as in the usual quantum transport calcula-
tions [9], the many-body system composed of conduction
electrons and localized spins can be evolved only for a
limited time before electrons are backscattered by the
right boundary which breaks L→R current flow. For ex-
ample, in Fig. 3 such backscattering occurs at t ' 40~/γ
for Ne = 8 injected electrons. Nevertheless, the quantum
dynamics of flowing electron spins and localized spins
captured by tDMRG before the boundary reflection is
fully equivalent to that in an open quantum system.
Quantum STT in collinear geometry.—In the collinear
setup [5, 6] of quantum STT, the spin-polarization of the
injected conduction electrons is collinear but antiparal-
lel to that of the localized spins at t = 0. In the sector
Ne = 0, the many-body quantum state |Ψ(t)〉 for t ≥ 0
within Fe⊗Hlspins space is trivially |Ψ(t)〉 = |vac〉 ⊗ |G〉
where the first factor of such separable quantum state
is the electron vacuum state |vac〉 ∈ Fe and the second
factor |G〉 = |↓1 . . . ↓NFM〉 ∈ Hlspins is the ground state
of the FM chain. The sector Ne = 1 has been studied
for an infinite (NFM → ∞) metallic FM chains long be-
fore [20] theoretical predictions for STT, but with the
focus on magnetic polarons as the bound state of the
injected electron and low-energy excitations (spinons or
magnons) of all localized spins. In such a case, and for
a FM chain [13] of finite length, we find |Ψ(t ≥ 0)〉 =
c0(t)|orb〉 ⊗ |↑e〉 ⊗ |G〉 + c1(t)|orb〉 ⊗ |↓e〉 ⊗ |↑1 . . . ↓NFM
〉 + · · · + cNFM(t)|orb〉 ⊗ |↓e〉 ⊗ |↓1 . . . ↑NFM〉. This su-
perposition is constructed by including all possible states
allowed by the conservation of the z-component of total
spin,
[Hˆ, sˆze + Sˆ
z
lspins] = 0, (6)
where Sˆzlspins = Sˆ
z
1 + · · · SˆzNFM . Here |orb〉 is orbital
state of a single injected electron, and the coefficients
c0(t), . . . , cNFM(t) studied in Ref. [13] can be much more
complicated than those for magnons (or spinons) in an
infinite FM chain [20].
The quantum state |Ψ(t)〉 also defines the pure state
density matrix |Ψ(t)〉〈Ψ(t)|. Since such state for Ne ≥ 1
is a sum of separable states and, therefore, entangled, the
quantum state of subsystems must be described by the
reduced density matrix [21]. This is exemplified by
ρˆ1 = Trother |Ψ(t)〉〈Ψ(t)| = 1
2
[
Iˆ + S1 · σˆ
]
, (7)
which is the density matrix of the first localized spin (at
site NL + 1 in Fig. 2), obtained by partial trace over all
states within Fe ⊗Hlspins that are not in H1. Here Iˆ is
the unit 2×2 matrix and σˆ = (σˆx, σˆy, σˆz) is the vector of
the Pauli matrices. The magnitude |S1| of the expecta-
tion value of localized spin, S1 = Tr [ρˆ1σˆ], also serves as
purity [21] specifying whether its quantum state is fully
(|S1| = 1) or partially (0 < |S1| < 1) coherent. We use la-
bel O ≡ 〈Oˆ〉 for the expectation value of an operator Oˆ in
a pure many-body state of the total system electrons plus
localized-spins or in a mixed quantum state of a relevant
(depending on observable Oˆ) subsystem. Thus, true de-
coherence (i.e., decoherence that cannot be attributed to
any classical noise [22]) due to many-body entanglement
can lead to reduction of local and total magnetization,
Mi = gµBSi and M =
∑NFM
i=NL+1
gµBSi, respectively,
because of reduction of Si expectation values. This is
obviously forbidden in classical magnetization dynamics
described by the LLG equation [7, 9, 10].
The time evolution of S1(t) is shown in Fig. 4(a)–
(c) for Ne = 1, 5, 8 injected electrons, respectively; as
well as in the movie in the SM [19] for all Si(t) using
Ne = 8. Due to spin angular momentum conservation,
only Szi (t) 6= 0. The magnetization reversal sought in
spintronic applications [1, 2], where Szi (t) evolves from
Szi = −1 at t = 0 to Szi > 0 at some later time t > 0, oc-
curs only when Ne > NFM. The reversal is nonclassical
since Sxi (t) = S
y
i (t) ≡ 0, unlike classical magnetization
reversal [1, 8, 10] where Mi vectors must rotate away
from the −z-axis to reach the +z-axis. The decoherence
of localized spin states makes the reversal inhomogeneous
(see movie in the SM [19]) because localized spins away
from the L-lead/FM-chain interface have smaller |Si| or
Szi can remain negative. The decoherence can be par-
tially suppressed and all localized spins reversed by in-
creasing Jsd, despite larger Jsd concurrently enhancing
reflection of the current pulse at the L-lead/FM-chain in-
terface (see the movie in the SM [19]). The spin expecta-
tion value per electron, s˜e = se/Ne, plotted in Fig. 4(d)–
(f) shows that, due to many-body entanglement, electron
spin states also decohere with purity |s˜e| < 1.
Conventional STT in noncollinear geometry.—For the
sake of comparison, we examine in Fig. 5 conventional
STT in a noncollinear geometry where injected electrons
are spin-polarized along the +x-axis while localized spins
are polarized along the −z-axis. Although this has been
considered [5, 6] as a completely different situation from
quantum STT in a collinear geometry, the state |→xe 〉
in quantum language corresponds to the injection of a
superposition of spin-up and spin-down states, |→xe 〉 =
(| ↑e〉 + | ↓e〉)/
√
2. In this case, we find in Fig. 5(a)–
(c) that the localized spins always rotate, Sxi 6= 0 and
5FIG. 6. Time evolution of the sum of spin expectation values
of all NFM = 5 localized spins S
z
lspins(t) and all injected (a)
Ne = 8 or (b) Ne = 5 electrons s
z
e(t) in collinear and antipar-
allel setup of quantum STT analyzed in Fig. 4(c),(f). The
same time evolution, but for noncollinear setup of conven-
tional STT analyzed in Fig. 5(c),(f), is shown in panels (c)–
(e). The z-component of total spin is manifestly conserved
(dashed blacked line) in panels (a) and (e).
Syi 6= 0, away from the easy z-axis for t ≥ 0 akin to
classical localized spins [1, 8, 10]. However, |S1| < 1 in
Fig. 5(a)–(c) signifies the same decoherence due to many-
body entanglement found for quantum STT in Fig. 4.
What is “transferred” in spin-transfer torque?—The
conventional STT is commonly computed using some
type of single-particle steady-state quantum transport
formalism [7, 8, 23] to obtain the nonequilibrium elec-
tron spin density si injected into the FM-analyzer. Due
to noncollinearity between si and the classical magne-
tization M of the FM-analyzer, contributions to si from
propagating states oscillate as a function of position with-
out decaying. Nevertheless, the transverse (with respect
to M) component of si is brought to zero within ∼ 1 nm
away from the normal-metal/FM-analyzer interface by
averaging over propagating states with different incoming
momenta ~k because the frequency of spatial oscillations
rapidly changes with k [23]. The angular dependence of
STT ∝∑i si×M can be fed [7, 8] into the LLG calcula-
tions which often consider only the macrospin [1, 10, 24]
M =
∑
iMi. Thus, in this picture the microscopic mech-
anism of how spin angular momentum is transferred from
electron subsystem to magnetization remains hidden.
The tDMRG unveils such mechanism in Fig. 6(a),(b)
for quantum STT, as well as in Fig. 6(c)–(e) for con-
ventional STT, where the total spin of all electrons
sze(t) decays in time while the total spin of all local-
ized spins Szlspins(t) increases as injected flowing spins
try to align localized spins in the same direction. Fig-
ure 6(a),(b),(e) also validates our calculations by confirm-
ing that se(t) + S
z
lspins(t) remains constant, as expected
from the conservation law in Eq. (6). Due to the com-
plex superposition of many-body states of electrons plus
localized-spins, the quantum dynamics of localized spins
is always highly inhomogeneous and, therefore, quite dif-
ferent from the macrospin approximation [10] or simple
spin wave excitations [24] assumed in the modeling of
classical magnetization dynamics driven by conventional
STT.
Growth and long-distance of entanglement.—The
nonequilibrium many-body states of electrons and lo-
calized spins generated by STT is highly entan-
gled, as demonstrated by computing the entanglement
growth [25, 26] in Fig. 6 and long-distance [27] nature of
entanglement in Fig. 7. Massively and long-range entan-
gled many-body quantum states have been sought among
ground states of exotic phases of condensed matter [27],
and entanglement growth has been measured recently in
few-qubit systems [25]. To quantify entanglement growth
as a function of time, we compute time evolution of:
(i) standard [26] von Neumann entanglement entropy for
half of the system
SN
2 +
1
2
(t) = −Tr ρˆN
2 +
1
2
(t) log2 ρˆN
2 +
1
2
(t), (8)
where ρˆN
2 +
1
2
(t) is many-body density matrix of a sub-
system composed of 3 localized spins and of all electrons
residing at time t within first 38 sites of the system in
Fig. 2; and (ii) the so-called Meyer-Wallach (MW) mea-
sure [27] of global entanglement [28]. The MW measure
is defined for a multipartite quantum system composed
of two-level subsystems as
QMW = 2
1− 1
NFM +Ne
NFM∑
i=1
Tr ρˆ2i +
Ne∑
j=1
Tr ρˆ2e,j
 ,
(9)
and it quantifies average entanglement of each subsystem
with the remaining NFM + Ne − 1 spins. The nonequi-
librium dynamics driven by quantum STT and local in-
teractions in the Hamiltonian in Eq. (1) conspire to in-
crease both SN
2 +
1
2
[Fig. 7(a)] and QMW(t) [Fig. 7(b)].
The latter stays slightly below its maximum possible
value QMW = 1 when Ne > NFM because of initial
sze+S
z
lspins 6= 0. Both SN2 + 12 (t) and QMW(t) reach smaller
asymptotic value [Fig. 7] at longer times in the case of
conventional STT, so that they clearly differentiate be-
tween quantum and conventional STT.
For the purpose of demonstrating long-distance nature
of entanglement in nonequilibrium many-body state gen-
erated by quantum STT, we additionally analyze mutual
65
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FIG. 7. (a) Time evolution of the von Neumann entropy
[Eq. (8)] of half of the whole system in Fig. 2, which includes
all electrons at time t within the first 38 sites and three of
localized spins within the FM region. (b) Time evolution of
global entanglement measure [Eq. (9)] for a subsystem com-
posed of all conduction electron spins and all localized spins.
information [27, 29]
I(1|NFM) = S1 + SNFM − S1,NFM , (10)
between localized spins at the edge of the FM region,
i.e., at sites 1 and NFM. Here S1 is the von Neumann
entropy computed via Eq. (8) from the density matrix ρˆ1
[Eq. (7)] of localized spin 1 at the left edge of FM; SNFM
is the von Neumann entropy of localized spin at the right
edge of the FM region; and S1,NFM is the von Neumann
entropy of a subsystem composed of these two localized
spins. The three entropies are evaluated for a many-body
state generated after Ne electrons are injected into FM
with NFM = Ne localized spins, so that at t = 0 the state
is separable, |Φ(t = 0)〉 = |orb〉 ⊗ |↑e↑e · · · ↑e〉 ⊗ |↓1↓2
· · · ↓NFM〉. To show explicitly the type of state generated
and also to be able to analyze its properties in the limit
NFM →∞, we do not evolve initial state by tDMRG but
instead write for t > 0
|Φ(t ≥ 0)〉 = |orb〉 ⊗ 1√
C
(|↑e↑e · · · ↑e〉 ⊗ |↓1↓2 · · · ↓NFM〉
+|↓e↑e · · · ↑e〉 ⊗ |↑1↓2 · · · ↓NFM〉+ . . .
+|↓e↓e · · · ↑e〉 ⊗ |↑1↑2 · · · ↓NFM〉+ . . .
+|↓e↓e · · · ↓e〉 ⊗ |↑1↑2 · · · ↑NFM〉). (11)
The individual terms in this sum are all possible separa-
ble states obeying the spin conservation law in Eq. (6),
where we employ simplification where coefficients in front
of each term are identical and time-independent. Our
tDMRG simulation generates proper time-dependent co-
efficients and they can be conducted for NFM = Ne ∼
100, but the state in Eq. (11) can be written and ana-
lyzed for arbitrary large NFM. There are C =
(
2NFM
NFM
) ∼
4NFM/
√
NFM terms in the sum in Eq. (11). Thus, the
subspace of dimension ∼ 4NFM/√NFM capturing time
0 50 100 150 200
Number of Localized Spins NFM
0.5
0.6
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1
|N
F
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)
FIG. 8. Mutual information I(1|NFM) [Eq. (10)] between lo-
calized spins 1 and NFM at the edges of FM region in Fig. 2
as a function of its length NFM. The entangled nonequilib-
rium many-body state which harbors I(1|NFM) is generated
by quantum STT exerted by Ne = NFM injected electrons
[with simplification that all possible terms in this state enter
with equal weight in Eq. (11)]. In the limit of infinite separa-
tion between the edges, NFM →∞⇒ I(1|NFM)→ 1/2.
evolution of nonequilibrium states of the type in Eq. (11)
also furnishes an example where majority of all possible
4NFM states in the Hilbert space are unphysical in the
sense of not being utilized in the course of time evo-
lution [30]. The von Neumann entropies of edge lo-
calized spins, S1 = SNFM+1 = 1, are obtained from
ρˆ1 =
1
2 (|↑1〉〈↑1 | + |↓1〉〈↓1 |) as incoherent mixture with
zero off-diagonal elements, while
S1,NFM =
NFM
2NFM − 1 log2
2NFM − 1
NFM
+
NFM − 1
2NFM − 1 log2
4NFM − 2
NFM − 1 , (12)
is obtained from Eq. (8) using ρˆ1,NFM = Trother|Φ〉〈Φ|
that contains also nonzero off-diagonal elements. The
coherences encoded by the off-diagonal elements lead to
nonzero mutual information in Fig. 8 at infinite separa-
tion between the edge spins, limNFM→∞ I(1|NFM) = 1/2,
as the signature of long-distance entanglement. This
demonstrates that globally pure nonequilibrium many-
body states of the type displayed in Eq. (11) is macro-
scopically entangled and quantum correlated [29].
Finally, we propose that by injecting an electron cur-
rent of sufficient density, entanglement of macroscopi-
cally large number of flowing and localized spins can
be detected by observing a magnetization reversal in
collinear spin valves or magnetic tunnel junction, where
the reversed magnetization of the FM-analyzer layer
should be smaller than the one in equilibrium. Beyond
spintronics, STT-driven quantum dynamics of localized
spins can be employed to manipulate individual spin
qubits and entangle them over long distances [31].
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